Abstract. In a previous study, we reported that a wbpP gene mutation in Vibrio vulnificus was significantly impaired in its ability to synthesize surface capsular polysaccharide (CPS). In this study, we evaluated the functions of the V. vulnificus capsular polysaccharide on interleukin (IL)-8 production, as well as its underlying mechanisms in human intestinal epithelial cells. The CPS-defective wbpP mutant induced significantly lower levels of IL-8 production, IL-8 gene promoter activation and NF-κB activity in INT-407 cells than was noted with the wild-type or wbpP-complemented V. vulnificus. The expression levels of Toll-like receptor (TLR)2 mRNA and protein were also found to be lower in INT-407 cells infected with the CPS-defective wbpP mutant than in those cells infected with the wild-type or the wbpPcomplemented strains. Additionally, the treatment of INT-407 cells with anti-TLR2 antibody proved to significantly block IL-8 production and NF-κB minimal promoter activity induced by the wild-type or the wbpP-complemented strains. Furthermore, purified V. vulnificus CPS was found to significantly induce IL-8 production and NF-κB activation, both of which were inhibited upon the addition of the anti-TLR2 antibody. Taken together, these results demonstrate that V. vulnificus capsular polysaccharide is involved in the induction of IL-8 production of human intestinal epithelial cells via a TLR2/NF-κB-dependent pathway.
Introduction
Vibrio vulnificus is a gram-negative estuarine bacterium which has been identified as a significant human pathogen.
V. vulnificus, when it is orally ingested via contaminated shellfish, reaches the intestine and invades the bloodstream across the intestinal mucosal barrier of the host. Wound infection or oral infection in susceptible individuals, such as those with chronic liver disease, can induce severe septicemia (1, 2) . Mortality in septic patients exceeds 50% and can increase to more than 90%. The majority of fatal cases are attributable to septic shock which results from a variety of virulence factors of V. vulnificus including lipopolysaccharide (LPS) (3), capsular polysaccharide (CPS) (4-6), siderophores (7) , cytolysin (8) , elastolytic protease (9), phospholipase A 2 (10) , RTX toxin (rtxA) (11) and flagella (12) . These virulence factors may persistently activate the generation of proinflammatory mediators such as tumor necrosis factor-· from the affected host (4, 13, 14) . In particular, surface polysaccharides, including CPS and LPS, perform pivotal roles in the pathogenicity of gram-negative bacteria by assisting the bacteria in the evasion of host defenses (4, 15) . CPS production is believed to constitute a primary virulence factor of V. vulnificus, which is essential for pathogenicity (4, 5) . To date, capsular polysaccharide types among different isolates of V. vulnificus have been extensively studied, and more than 13 CPS have been identified by chromatographic analysis and NMR spectroscopy (16) . However, although a substantial body of literature currently exists concerning the structural determination of the CPS from V. vulnificus (17, 18) , several researchers have focused on the identification of the genes involved in V. vulnificus capsular polysaccharide expression (19, 20) .
wbpP is a member of the short-chain dehydrogenase/ reductase superfamily that encodes for a putative UDP-Nacetyl-D-glucosamine C 4 epimerase (21, 22) . A wbpP protein is required for the synthesis of UDP-N-acetyl-D-galactosaminuronic acid (UDP-GalNAcA) from UDP-N-acetyl-Dglucosamine (UDP-GlcNAc) via C 4 epimerization and further dehydrogenation. UDP-GalNAcA is an important intermediate used for the biosynthesis of various uronic acid sugars of surface polysaccharides harboring GalNAcA or its derivatives. The biosynthetic pathways and molecular genetics of surface polysaccharide production have been previously evaluated in Pseudomonas aeruginosa as well as several other organisms Involvement of capsular polysaccharide via a TLR2/NF-κ κB pathway in Vibrio vulnificus-induced IL-8 secretion of human intestinal epithelial cells (21) . Recently, we reported that an isogenic mutation of the wbpP gene in V. vulnificus resulted in an impairment of its ability to synthesize CPS and to adhere to epithelial cells, and also induced a reduction of virulence in mice, thereby indicating that wbpP is critical to both the pathogenesis and the capsular polysaccharide biosynthesis of V. vulnificus (22) . Interleukin-8 (IL-8) has been demonstrated to perform an important role in the pathogenesis of infectious diseases (14, 23) . IL-8 is produced in immune and epithelial cells in response to microbial stimuli including exposure to Helicobacter pylori, Salmonella typhimurium, Escherichia coli and Vibrio cholerae, and its production is regulated via microbial and host factors including transcription factors and cell surface molecules such as Toll-like receptors (TLRs) (24, 25) . We previously reported that V. vulnificus infection induced IL-8 production in human intestinal epithelial cells via NF-κB activation. The mutation of the NF-κB site within the IL-8 promoter has been demonstrated to result in a substantial reduction in IL-8 production in response to V. vulnificus infection, thereby underlining the critical importance of NF-κB in IL-8 production. Members of the TLR family are detected principally in mammalian immune cells including macrophages and dendritic cells, but are also expressed on many types of epithelial cells (26, 27) . Upon the interaction of TLR with its ligands, the receptor initiates signaling cascades that lead to the transcription and secretion of anti-microbials, immune-modulating cytokines and chemokines.
In this study, we evaluated the functions of the capsular polysaccharide of V. vulnificus in the induction of IL-8 production, as well as its underlying mechanism in human intestinal epithelial cells. We demonstrated that the capsular polysaccharide of V. vulnificus is involved in the induction of IL-8 production of human intestinal epithelial cells via a TLR2/NF-κB-dependent pathway.
Materials and methods
Cell lines and cultures. The human intestinal epithelial cell line INT-407 was purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA) and maintained at 37˚C in 5% CO 2 in minimum essential medium (MEM) supplemented with 10% fetal bovine serum (Gibco BRL, Grand Island, NY, USA) and antibiotics (10 unit/ml penicillin G and 10 μg/ml streptomycin) (growth medium). Human embryonic kidney 293 (HEK293/Null), HEK293/ hTLR2/CD14 stably expressing hTLR2/CD14, and HEK293/ hTLR4/MD-2/CD14 cells stably expressing hTLR4/MD-2/ CD14 were kindly provided by Dr In-Hong Choi (Yonsei University, Seoul, Korea). The cells were maintained at 37˚C in 5% CO 2 in DMEM supplemented with 10% fetal bovine serum and antibiotics (10 unit/ml penicillin G, 10 μg/ml streptomycin, 10 μg/ml blasticidin and 50 μg/ml Hygrogold).
Bacterial strain and growth conditions. V. vulnificus strain ATCC 29307 used in this study was purchased from the ATCC, and the capsular polysaccharide (CPS) defectivewbpP mutant and CPS-reproductive wbpP-complemented strains were generated as previously described (22 The conjugation and isolation of the transconjugants were conducted, and a double crossover, in which the wildtype wbpP gene was replaced with the wbpP::nptI allele, was confirmed by PCR. wbpP-complemented V. vulnificus was constructed by subcloning wbpP amplified by PCR and digested with restriction enzymes (PstI/EcoRI) into the broad host-range vector pRK415 linearized with the same enzymes. The resulting plasmid was mobilized into the wbpP mutant V. vulnificus by conjugation. For the infection experiments, the bacteria were grown overnight at 30˚C in Luria-Bertani medium supplemented with 2.0% NaCl (LBS medium), diluted to ~6x10 8 CFU/ml in LBS, centrifuged and then resuspended in antibiotic-free growth medium prior to infection into epithelial cells. Bacterial concentrations were confirmed via viable cell counts on LBS agar.
Infection protocol. Human intestinal epithelial INT-407 cells were infected with V. vulnificus as previously described (28) . In brief, INT-407 cells were grown in culture flasks at 37˚C in a 5% CO 2 incubator. The cells (5x10 5 /well) were seeded onto 6-well culture plates and cultured for 24 h in antibioticfree growth medium. Prior to infection, the bacteria were centrifuged for 3 min at 2,500 x g, resuspended and adjusted to 6x10
8 CFU/ml in antibiotic-free MEM. The bacterials were added to the epithelial cells at a multiplicity of infection (MOI, ratio of the number of bacteria to the number of epithelial cells) of 10, after which the infected cells were incubated in a 5% CO 2 incubator for various durations at 37˚C in antibioticfree growth medium.
Isolation and extraction of capsular polysaccharide (CPS).
The CPS was prepared from plate-grown cells as previously described by Enos-Berlage and McCarter (29) . V. vulnificus was used to inoculate an LBS plate by being streaked onto the plate and incubated for 24 h at 30˚C. V. vulnificus was scraped and suspended in 5 ml PBS per plate. Samples were vortexed for 3 min and shaken at 200 rpm for 2 h at 30˚C; this process was twice repeated. V. vulnificus and debris were removed by centrifugation at 10,000 x g for 20 min. Samples being prepared for monosaccharide analysis were ultracentrifuged at 154,000 x g for 16 h, and the supernatant containing CPS was collected. The supernatant was then incubated for 8 h at 37˚C with 50 μg/ml RNase A (Sigma), 50 μg/ml DNase I (Sigma) and 10 mM MgCl 2 , followed by further incubation with 200 μg/ml proteinase K (Sigma) for 16 h at 37˚C. The sample was extracted twice with phenol-chloroform, precipitated with 2.5 volumes of ethanol, washed with 70% ethanol and suspended in distilled water. In order to remove the trace amount of endotoxin (LPS) in the CPS fraction, the fraction was eluted through a Detoxi-Gel endotoxin-removing column (Pierce Biotechnology, Rockford, IL, USA) more than two times. The CPS levels were quantitated according to the method of Reddy et al (18) . The concentration of the LPS in the purified CPS fraction was <0.05 endotoxin units in 10 μg/ ml of CPS, as determined using the Limulus Amebocyte Lysate QCL-1000 Kit (BioWhittaker, Walkersville, MD, USA).
Treatment with CPS.
INT-407 cells were incubated for 24 h with 50 μg/ml of the V. vulnificus CPS (Vv-CPS) or proteinase K (1 mg/ml)-treated Vv-CPS at 37˚C in 5% CO 2 , after which the culture supernatants were analyzed for IL-8 protein levels via an ELISA. For determination of mRNA expression, INT-407 cells were treated for 1 h, and mRNA expression for cytokines, TLR2 and ß-actin were determined by RT-PCR. Some of the INT-407 cells were pre-incubated for 1 h with 5 μg/ml rabbit anti-TLR2 mAb, isotype IgG antibody or medium alone, followed by washing with PBS. INT-407 cells were then treated for 24 h with purified Vv-CPS at 10-100 μg/ml (IL-8 levels by an ELISA) or for 30-90 min with Vv-CPS (NF-κB binding by an EMSA).
Transient transfection and luciferase reporter assay. INT-407 cells were transiently transfected with human IL-8 gene promoter, NK-κB site-mutated IL-8 promoter, or with NF-κB minimal promoter constructs as previously described (14) . In brief, the INT-407 cells were plated at a density of 2x10 4 cells/ well in 24-well culture plates. After 24 h of culture, INT-407 cells were transiently transfected with each of the human IL-8 promoter constructs and with NF-κB minimal promoter by using the Superfect method (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. The transfected cells were incubated for 12 h at 37˚C in a 5% CO 2 incubator, followed by infection with V. vulnificus for 1 h in antibioticfree MEM medium at an MOI of 10. The cells were washed in PBS, after which the cells were incubated for 18 h in the presence of gentamicin (100 μg/ml). Afterwards, the cells were harvested and suspended for 20 min in 50 μl of lysis buffer. The supernatant fluid was harvested and assayed for luciferase activity using Luciferase Reagent (Promega) in a Luminometer. The results were normalized to LacZ expression and were expressed as relative fold induction.
RT-PCR.
Total RNA was prepared from the cells and reversetranscribed into cDNA, after which the cDNA was amplified by PCR. Total RNA was purified from the INT-407, HEK293/Null, HEK293/hTLR2/CD14, or HEK293/hTLR4/ MD-2/CD14 cells stimulated with V. vulnificus, Vv-CPS (10-100 μg/ml), LTA (10 μg/ml) (Sigma, L3265) or E. coli LPS (100 ng/ml or 2 μg/ml) (Sigma, L4391). cDNA was synthesized from 1 μg of total RNA by using AccuPower ® RT Premix (Bioneer Co., Korea). The PCR was performed on reaction mixtures (20 μl) containing ~2 μl (2 μl of a 1:5 dilution for ß-actin) of cDNA by using AccuPower ® PCR Premix (Bioneer Co.). The primers used were as follows: human IL-8 (302 bp; 36 cycles), 5'-ATGACTTCCAAG CTGGCCGTGGCT-3' (sense) and 5'-TTATGAATTCTCA GCCCTCTTCAAAAACTTCTC-3' (antisense); human TLR2 (263 bp; 36 cycles), 5'-TGAGAGTGGGAAATATG GAC-3' (sense) and 5'-ATGGAAAGTGTCCAAATCAG-3' (antisense); ß-actin (373 bp; 27 cycles), 5'-TTCTACAATGA GCTGCGTGTGGCT-3' (sense) and 5'-GCTTCTCCTTAAT GTCACGCACGA-3' (antisense). Reactions were conducted in an MJ Thermal Cycler (MJ Research, Watertown, MA, USA) under the following conditions: denaturation at 94˚C for 30 sec, annealing at 60˚C for 30 sec and extention at 72˚C for 30 sec. After amplification, the RT-PCR products were separated on 2% (w/v) agarose gels and stained with ethidium bromide.
Preparation of cell lysates and Western blot analysis.
Cell lysates from INT-407 cells were prepared as previously described (14) . The cells were lysed in lysis buffer (50 mM Tris buffer, pH 7.5, containing 100 mM NaCl, 1% Nonidet P-40, 10% glycerol, 1 mM EDTA, 1 mM NaF, 1 mM sodium orthovanadate, 50 μg/ml each of leupeptin, aprotinin and PMSF) by incubation on ice for 30 min. Lysates were then centrifuged at 13,000 x g at 4˚C for 10 min, and the supernatants were transferred to fresh tubes and stored at -70˚C until required. Protein concentrations of the lysates were determined by using the BCA™ Protein Assay Reagent A (Pierce, USA). Equal amounts (20 μg/ml) of whole cell lysates were subjected to sodium dodecyl sulfate-7% polyacrylamide gel electrophoresis (SDS-PAGE). The proteins were transferred onto a polyvinylidene fluoride membrane using a Semi-Phor (Hoefer Scientific Instrument). The membrane was then incubated with washing buffer (PBS solution containing 0.1% Tween-20) containing 1% bovine serum albumin for at least 1 h to block non-specific protein binding. Afterwards, the membrane was, respectively, treated with rabbit anti-TLR2 and anti-ß-actin antibodies (Santa Cruz Biotechnology, Inc.). After incubation with HRP-conjugated anti-rabbit antibody, immunoreactive proteins were detected with the ECL System (Amersham Biosciences, UK).
IL-8 ELISA.
INT-407 cells were cultured for 24 h in 60-mm culture dishes prior to infection or stimulated with V. vulnificus, Vv-CPS (10-100 μg/ml) or proteinase K (100 μg/ml)-treated Vv-CPS. In some experiments, the intestinal epithelial cells were pretreated for 1 h with rabbit anti-TLR2 antibody (10 μg/ ml) or isotype control IgG antibody (10 μg/ml) before V. vulnificus infection at an MOI of 10. Afterwards, the cells were washed in PBS and post-cultured for 18 h in MEM medium containing gentamicin (100 μg/ml). The culture supernatants were then analyzed for the levels of IL-8 protein using the OptEIA™ Human IL-8 ELISA Kit 2 (BD Pharmingen, San Diego, CA, USA) according to the manufacturer's instructions. The absorbance at 490 nm of each well in 96-well plates was determined using an ELISA reader.
Preparation of nuclear extracts and electrophoretic mobility shift assay (EMSA). INT-407 cells (8x10
5 /dish) were seeded onto 60-mm culture dishes and cultured for 24 h in antibiotic-free growth medium and then infected for 1 h with V. vulnificus at an MOI of 10, or stimulated with Vv-CPS (50 μg/ml). The nuclear extracts from the INT-407 cells were prepared as previously described (14) . In brief, the infected cells were washed twice in PBS and resuspended in hypotonic buffer (10 mM HEPES buffer, pH 7.9, containing 0.5 mM KCl, 1.5 mM MgCl 2 , 0.5 mM DTT and 0.2 mM PMSF). After the cells were allowed to swell on ice for 10 min, a 10% solution of Nonidet P-40 was added, and the cells were maintained for 15 min on ice. The homogenates were centrifuged for 15 min at 4,000 rpm, and the resultant nuclear pellets were resuspended in 50 μl of low salt buffer (20 mM HEPES buffer, pH 7.9, containing 25% glycerol, 1.5 mM MgCl 2 and 0.2 mM PMSF) and then 50 μl of high salt buffer (20 mM HEPES buffer, pH 7.9, containing 25% glycerol, 1.5 mM MgCl 2 , 0.8 M KCl, 0.2 mM EDTA, 0.5 mM DTT and 0.2 mM PMSF) in a dropwise fashion. The nuclear extract was centrifuged for 30 min at 20,500 x g at 4˚C. Ten micrograms of each of the nuclear extracts was incubated for 30 min with the labeled oligonucleotides in 20 μl of binding buffer (10 mM Tris-HCl, pH 7.6, 500 mM KCl, 10 mM EDTA, 50% glycerol, 250 ng of poly(dI-dC) and 1 mM dithiothreitol). The reaction mixture was analyzed by electrophoresis on a 4% polyacrylamide gel in 0.5X Tris borate buffer. An oligonucleotide harboring an NF-κB binding site (5'-CCGGTTAACAGAGGGGGCTTTCCGAG-3') was used as a probe. Specific binding was verified via competition experiments with a 50-fold excess of unlabeled identical oligonucleotides of cAMP response element (CRE)-containing oligonucleotides.
Statistical analyses. Student's t-tests and one-way analysis of variance (ANOVA) followed by the Bonferroni method, were employed in order to determine statistical differences between the values of the various experimental and control groups. P-values <0.05 were considered to be statistically significant. The results were normalized to ß-actin expression. The intensity of each band was densitometrically determined and expressed as the relative intensity to the corresponding controls treated with medium alone. (C) INT-407 cells were infected for 1 h with WT, wbpP MT or wbpP CT at an MOI of 10, followed by washing with PBS and 18 h of postincubation in the growth medium in the presence of gentamicin (100 μg/ml). As controls, some cells were stimulated with LPS (100 ng/ml) or medium alone. The IL-8 protein levels of the culture supernatants were analyzed by ELISA. Data are expressed as the means ± SE (n=3). * p<0.001, relative to the group with the medium alone. ** p<0.001, relative to the group infected with the WT. *** p<0.01, relative to the group infected with the wbpP MT. Data are representative of three independent experiments. (D) INT-407 cells were infected for 1 h with WT, wbpP MT or wbpP CT at an MOI of 10, after which the total CFU numbers were determined. Data are presented as the percentages of the inocular and are the means ± SE for three independent experiments with triplicate samples. (E) V. vulnificus WT, wbpP MT and wbpP CT (5x10
Results

The capsular polysaccharide-defective mutant of V. vulnificus induces significantly lower levels of IL-8 production in human intestinal epithelial cells than the wild-type.
In order to evaluate the role of V. vulnificus CPS in the induction of IL-8 expression from human intestinal epithelial cells, INT-407 cells were infected with either the wbpP mutant or with the wild-type V. vulnificus as a control, and the levels of IL-8 expression were determined. As shown in Fig. 1A , the levels of IL-8 mRNA were lower in INT-407 cells infected with the wbpP mutant, as compared with those infected with the wildtype strain. Importantly, the reduced IL-8 mRNA levels were restored in INT-407 cells infected with the wbpP-complemented V. vulnificus (Fig. 1B) . The CPS production of wbpPcomplemented V. vulnificus was found to be restored to a level comparable to the level of wild-type V. vulnificus (22) .
Additionally, infection with the wbpP mutant induced significantly lower levels of IL-8 production in INT-407 cells than did the wild-type strain. As shown in Fig. 1C , infection with wild-type V. vulnificus profoundly induced IL-8 production by INT-407 cells; the levels induced were higher than those induced by LPS treatment. INT-407 cells exposed to the wbpP mutant secreted 178.29±10.07 pg/ml of IL-8 for 18 h, which was significantly lower than the levels (343.6±9.62 pg/ml) secreted by the wild type-infected INT-407 cells. In addition, the reduction in IL-8 production affected by the wbpP mutant did not appear to result from a general inhibitory effect on epithelial cell proliferation, as the cell number and viability of all cultures remained approximately constant throughout the incubation period in the presence of V. vulnificus, as demonstrated by the results of a trypan blue exclusion assay. Importantly, the decreased levels of IL-8 production were also restored as a result of wbpP gene complementation into the wbpP mutant V. vulnificus (304.46±7.69 pg/ml) (Fig. 1C) . The growth rates of the three V. vulnificus strains (WT, MT and CT) did not differ significantly (Fig. 1D) , and the CFU values of V. vulnificus at the time of the assay were approximately identical in the culture supernatants of INT-407 cells incubated with V. vulnificus WT, MT and CT, respectively (Fig. 1E) . These results indicate that the reduction in IL-8 induction mediated by the capsular polysaccharide-defective wbpP mutant, as compared to what was observed with the wild-type, occurred at the mRNA and protein levels.
The capsular polysaccharide-defective wbpP mutant V. vulnificus induces lower levels of NF-κB activity. NF-κB, NF-IL-6, and AP-1 are three transcriptional factors that are crucial for the regulation of IL-8 gene expression (30, 31) . We previously determined that the NF-κB site performed an important function in IL-8 gene expression occurring after V. vulnificus infection (14) . In order to test directly the role of a NF-κB site found between -80 and -71 of the IL-8 full promoter on the stimulatory effect induced by V. vulnificus CPS, we introduced a linker scanning mutation into the NF-κB site within the context of the -144/+44 construct IL-8/LS promoter ( Fig. 2A) . In order to determine whether the wbpP mutation also affected the activity of the IL-8 gene promoter, the INT-407 cells were transfected with the IL-8 full promoter/luciferase construct and were subsequently infected with the wbpP mutant, wild-type, or wbpPcomplemented V. vulnificus, after which the luciferase activity was assessed. As indicated (Fig. 2B) , the IL-8 promoter construct evidenced significant stimulation with V. vulnificus infection. However, IL-8 promoter activity was found to be significantly lower in the INT-407 cells infected with the wbpP mutant than in those infected with the wild-type. In addition, the IL-8 promoter activity was also restored in the INT-407 cells infected with the wbpP-complemented V. vulnificus. Furthermore, the V. vulnificus CPS-dependent promoter activation was still observed with the IL-8/LS promoter, although it was significantly reduced in comparison with the IL-8/full promoter. However, the reduced effect of the wbpP mutant on IL-8 promoter activation was not observed in the IL-8/LS promoter as compared to the IL-8/ full promoter. This result clearly indicates that the stimulatory effect of V. vulnificus CPS on IL-8 production may be mediated through the κB site.
In an effort to determine whether or not NF-κB activity was involved in the reduced levels of IL-8 production in human intestinal epithelial cells infected with the CPS- As controls, some cells were stimulated with 100 ng/ml LPS or medium alone. Afterwards, the cells were post-cultured for 18 h in the presence of gentamicin (100 μg/ml), and the luciferase activity was determined. The results were normalized to LacZ expression. The results are expressed as the induction fold over the value obtained with the uninfected INT-407 cells transfected with the IL-8 minimal promoter construct, which was assigned an arbitrary value of 1. Data are expressed as the means ± SE (n=3). * p<0.005, relative to the group with medium alone. ** p<0.05, relative to the group infected with the WT. *** p<0.05, relative to the group infected with the wbpP MT.
defective wbpP mutant, we evaluated NF-κB DNA binding activity in the nuclear extract of the wild-type-, wbpP mutant-, or wbpP-complemented V. vulnificus-infected INT-407 cells. As shown in Fig. 3A , the wild-type-infected intestinal epithelial cells exhibited strong NF-κB binding activity, whereas the wbpP mutant induced significantly lower levels of NF-κB DNA binding activity compared to the wild-type based on the results of electrophoretic mobility shift assays using a labeled oligonucleotide harboring a consensus NF-κB site. This binding was determined to be specific as it competed with an unlabeled identical oligonucleotide, but not with an unrelated non-specific oligonucleotide, and was detected in the nuclear extracts from the wild type-infected cells. Furthermore, the reduced levels of NF-κB DNA binding activity in the wbpP mutant-infected cells were also restored by the complementation of the wbpP gene into the mutant (Fig. 3A) .
To further assess whether NF-κB activity played a role in the reduced levels of IL-8 production in human epithelial cells infected with the CPS-defective wbpP mutant, INT-407 cells were transiently transfected with the NF-κB minimal promoter/luciferase construct followed by V. vulnificus infection, and the luciferase activity was determined. As shown in Fig. 3B , the NF-κB minimal promoter construct exhibited potent stimulation with the wild-type. However, the levels of NF-κB transactivation were significantly reduced in INT-407 cells infected with the wbpP mutant V. vulnficus. Additionally, the reduced NF-κB minimal promoter activity induced by the CPS-defective wbpP mutant was partially restored by the wbpP-complemented V. vulnificus (Fig. 3B) . These results clearly show that the V. vulnificus capsular polysaccharide is involved in the production of IL-8 from human intestinal epithelial cells which is closely correlated with NF-κB activation.
The capsular polysaccharide-defective wbpP mutant V. vulnificus induces lower levels of TLR2 expression. In order to determine whether the CPS-defective wbpP mutant affects the expression of TLRs, INT-407 cells were infected with the wild-type or the wbpP mutant strain, and the mRNA expression of TLRs was determined by RT-PCR. As shown in Fig. 4A and B, INT-407 cells expressed low levels of TLRs including TLR2, which was significantly increased upon infection with the wild-type V. vulnificus in a timedependent manner. In contrast, the expression of the TLR2 molecule in INT-407 cells was not responsive to the wbpP mutant of V. vulnificus, whereas the expression of the other TLRs was increased by the wbpP mutant, to a degree similar to that of the wild-type (data not shown), thereby indicating that the wbpP gene may be specifically involved in the upregulation of TLR2 expression in response to infection with V. vulnificus. Additionally, the wbpP mutant induced lower levels of the TLR2 protein than did the wild-type V. vulnificus (Fig. 4C) . Importantly, the reduced TLR2 mRNA and protein levels were restored via the complementation of the wbpP gene into the wbpP mutant V. vulnificus ( Fig. 4B and C ). These data demonstrate that the V. vulnificus capsular polysaccharide induces IL-8 production in human intestinal epithelial cells via a TLR2-dependent signaling pathway.
The V. vulnificus capsular polysaccharide is involved in the induction of IL-8 production via a TLR2/NF-κB-dependent pathway.
In order to further assess the role of defective TLR2 signaling in the down-regulation of IL-8 production as the result of reduced NF-κB activation mediated by the CPSdefective wbpP mutant, INT-407 cells were incubated with anti-TLR2 antibody followed by infection with V. vulnificus, and the levels of NF-κB minimal promoter activity and IL-8 production were analyzed via a luciferase reporter assay and ELISA, respectively. As shown in Fig. 5A and B, pretreatment of the intestinal epithelial cells with anti-TLR2 antibody resulted in a significant reduction in NF-κB minimal promoter activity and IL-8 production in the INT-407 cells infected with the wild-type or the wbpP-complemented V. vulnificus. Anti-TLR2 mAb treatment also caused a reduction in the activity of the NF-κB minimal promoter activity and IL-8 production levels in the wbpP mutant-infected INT-407 cells, but to a significantly lower degree than the levels observed in the infected cells with either the wild-type or the wbpPcomplemented types. These data indicate that the wbpP gene of V. vulnificus is involved in TLR2-dependent IL-8 production via the V. vulnificus infection-mediated alteration of NF-κB activation, and that the deficiency of CPS caused by the wbpP gene mutation of V. vulnificus resulted in a reduction in IL-8 production of human intestinal epithelial cells.
Purified capsular polysaccharide of V. vulnificus induces IL-8 production through a TLR2-dependent NF-κB activation
pathway. Finally, we attempted to ascertain whether or not the purified V. vulnificus CPS (Vv-CPS) could induce IL-8 production via TLR2-dependent NF-κB activation. In order to remove the trace amount of endotoxin (LPS) in the CPS fraction, the fraction was eluted through a Detoxi-Gel endotoxin-removing column at least two times. The LPS concentration in the purified CPS fraction was <0.05 endotoxin units in 10 μg/ml of CPS. INT-407 cells were treated with the purified CPS, and the expression levels of the cytokine genes and NF-κB DNA binding activity were determined. As As controls, some cells were stimulated with 100 ng/ml of LPS or medium alone. Afterwards, the cells were washed with PBS and incubated for an additional 18 h in the presence of gentamicin (100 μg/ml). The culture supernatants were analyzed for IL-8 protein levels using ELISA. Data are expressed as the means ± SE (n=3). * p<0.001, relative to the group infected with the WT in the absence of anti-TLR2 mAb. (B) INT-407 cells were transiently transfected with the NF-κB minimal promoter/luciferase construct followed by incubation for 1 h with the anti-TLR2 mAb or isotype IgG control antibody at 5 μg/ml and a subsequent 1 h of infection with the WT, wbpP MT or wbpP CT of V. vulnificus at an MOI of 10. Afterwards, the cells were washed in PBS and then incubated for 18 h in the presence of gentamicin (100 μg/ml), and the luciferase activity was determined. The results were normalized to LacZ expression. The results are expressed as the induction fold over the value obtained with the uninfected INT-407 cells transfected with the NF-κB minimal promoter construct, which was assigned as an arbitrary value of 1. Data are expressed as the means ± SE (n=3). ** p<0.05, relative to the group infected with the WT in the absence of the anti-TLR2 mAb.
shown in Fig. 6 , the purified Vv-CPS significantly induced the expression of cytokines such as IL-8, IL-1ß and TNF-·, whereas the Vv-CPS did not affect the expression of IL-10. Additionally, Vv-CPS treatment strongly induced TLR2 expression and NF-κB activation in a time-and dose-dependent manner. Furthermore, Vv-CPS treatment significantly induced IL-8 secretion from the INT-407 cells, which was unchanged upon the addition of proteinase K (Fig. 6C) . Importantly, as shown in Fig. 6C , the pretreatment of the intestinal epithelial cells with the anti-TLR2 antibody resulted in a significant reduction in IL-8 production in the CPS-stimulated INT-407 cells. Anti-TLR2 mAb pretreatment also reduced NF-κB activation (Fig. 6D) . These data clearly show that the V. vulnificus capsular polysaccharide induces TLR2-dependent IL-8 production via the NF-κB activation pathway in human intestinal epithelial cells.
To further determine whether or not TLR2 specifically responded to the V. vulnificus CPS and to ascertain that the enhanced TLR2 expression did not result from LPS contamination in the CPS fraction, stable cell lines expressing either TLR2 or TLR4, HEK293/TLR2/CD14 and HEK293/TLR4/ MD-2/CD14, were treated with Vv-CPS, and the levels of TLR2 and TLR4 mRNA were determined. As shown in Fig. 7 , treatment with Vv-CPS or LTA as a known TLR2 ligand increased the expression of TLR2 in the HEK293/TLR2/ CD14 cells, whereas stimulation with E. coli LPS did not affect TLR2 expression. However, Vv-CPS stimulation was not shown to affect the levels of TLR4 mRNA in HEK293/ TLR4/MD-2/CD14 cells, while LPS stimulation resulted in a significant increase in the levels of TLR4 mRNA (Fig. 7) . These data indicate that TLR2 is the receptor responsible for the V. vulnificus CPS-induced immune response, and that the enhanced TLR2 expression induced by Vv-CPS treatment did not result from LPS contamination occurring during the preparation of the Vv-CPS.
Discussion
Capsular polysaccharides contribute to the virulence of a variety of pathogens, and specific capsular types are frequently associated with infectious disease. V. vulnificus exhibits a great deal of variance in terms of its CPS carbohydrate composition (16, 17) . An epimerase gene was recently reported to be required for CPS expression, and the wbpP gene encodes for a UDP-N-acetyl-D-glucosamine C 4 epimerase of V. vulnificus (20) . We previously reported that the wbpP cells were incubated for 24 h with 50 μg/ml of the Vv-CPS or proteinase K (100 μg/ml)-treated Vv-CPS, after which the culture supernatants were analyzed for IL-8 protein levels using ELISA. Some of the INT-407 cells were pre-incubated for 1 h with 5 μg/ml anti-TLR2 mAb, isotype IgG antibody or medium alone followed by washing with PBS. INT-407 cells were then treated for 24 h with purified Vv-CPS at 10-100 μg/ml. Data represent the means ± SE (n=3). * p<0.05, relative to the group incubated with medium alone. ** p<0.01, relative to the group treated with CPS (50 μg/ml) in the absence of anti-TLR2 mAb. (D) INT-407 cells were pre-incubated for 1 h with 5 μg/ml anti-TLR2 mAb or medium alone followed by washing with PBS. INT-407 cells were then treated with purified Vv-CPS (50 μg/ml) for 30-90 min. The nuclear extracts were examined for NF-κB DNA binding activity in the electrophoretic mobility shift assay. S and NS indicate the presence of a 50-fold excess of specific oligonucleotide (NF-κB) and non-specific oligonucleotide (CRE), respectively. mutation of V. vulnificus reduced CPS synthesis and also impaired its ability to attach to epithelial cells in vitro, thereby resulting in an attenuation of virulence in mice (22) . In this study, we demonstrated for the first time that the capsular polysaccharide of V. vulnificus induces the IL-8 production in human intestinal epithelial cells. V. vulnificus CPS-mediated IL-8 production may occur via TLR2 signaling and NF-κB activation. As IL-8 is a chemokine that plays a pivotal role in the mobilization of cellular defense mechanisms and may signal the onset of an acute inflammatory response (14, 23) , the CPS of V. vulnificus may constitute an important mediator of inflammatory response, which contributes to the epithelial injury inherent to V. vulnificus infection. Many other studies have reported that the infection of intestinal epithelial cells with pathogenic bacteria including H. pylori, S. typhimurium, EPEC or Bacillus subtilis results in increases in IL-8 production (32, 33) . In particular, surface polysaccharides such as CPS and lipopolysaccharides, perform crucial functions in the pathogenicity of gram-negative bacteria (4, 5) .
The mechanism by which the CPS-defective wbpP mutant, as compared to the wild-type of V. vulnificus, induced significantly lower levels of IL-8 production at the molecular level remains uncertain. We determined that the CPS-defective wbpP mutant significantly reduced IL-8 production in a timedependent manner (Fig. 1) . It also reduced the activation of the IL-8 gene promoter induced by infection with wild-type V. vulnificus (Fig. 2) , thereby indicating that the reduction in IL-8 production by the CPS-defective wbpP mutant occurred at the transcriptional level. In our study, the CPS-defective wbpP mutant was also determined to attenuate NF-κB promoter activity in response to V. vulnificus infection, which was restored by the complementation of the wbpP gene into the wbpP mutant V. vulnificus (Fig. 3) , thereby indicating that the reduced levels of IL-8 production caused by the wbpP gene mutation in V. vulnificus may be mediated via a decrease in NF-κB activation. Furthermore, the infection of INT-407 cells with the wild-type V. vulnificus resulted in a marked enhancement of DNA binding activity to the NF-κB sites, which was significantly reduced by the CPS-defective wbpP mutant (Fig. 3B) . The NF-κB transcription factor is known to play a role in the inducible transcription of the IL-8 gene in the activation of mammalian cells, as the promoters of both human and murine IL-8 genes harbor NF-κB sites (30, 31) . We recently reported that V. vulnificus infection induced the production of IL-8, a proinflammatory cytokine, from human intestinal epithelial cells via NF-κB activation (14) .
Additionally, the CPS purified from V. vulnificus induced IL-8 production and NF-κB activation, both of which were suppressed by the addition of anti-TLR2 mAb. This clearly indicates that the CPS was, at least in part, involved in the IL-8 production via the TLR2/NF-κB pathway in the human intestinal epithelial cells. Any possibilities of LPS contamination in the purified CPS fraction could be completely excluded by our direct and indirect experiments, which were designed to demonstrate that there was no contamination of LPS in the purified CPS fraction. The results of the LAL test demonstrated that no detectable amount of LPS existed in the purified CPS fraction. IL-8 production induced by the purified CPS was inhibited by blocking with the anti-TLR2 antibody, not by the anti-TLR4 antibody, indicating that the purified CPS fraction did not contain LPS which is involved in IL-8 production as LPS is a well-known TLR4 ligand. In our study, the CPS fraction was repetitively eluted through a Detoxi-Gel endotoxin-removing column at least two times in order to remove any trace amounts of LPS that might have remained in the purified CPS fraction. Furthermore, any possibility of contamination of proteins such as IIpA-encoded protein (34) in the purified CPS fraction was also excluded by the observation that the levels of IL-8 production induced by the CPS fraction were unaffected prior to and after treatment with proteinase K or boiling of the fraction.
The TLRs are known to be involved in the induction of IL-8 production. LPS is well known to induce IL-8 production via TLR4 (35, 36) . Uropathogenic E. coli activates IL-8 production via P-fimbriae (37) , and the flagellins of different bacteria activate IL-8 via TLR5 (38, 39) . V. vulnificus FlaB is known to bind directly to human TLR5 expressed on cultured epithelial cells, and consequently induces the activation of NF-κB and IL-8 production (40) . In this study, we demonstrated for the first time that V. vulnificus CPS mediates TLR2-dependent IL-8 production in human intestinal epithelial cells. Reduced CPS levels in the wbpP mutant resulted in the reduction of TLR2-dependent IL-8 production in human intestinal epithelial cells. The CPS-defective wbpP mutant reduced the expression levels of TLR2 and TLR signaling molecules, and these levels were restored by CPS-reproductive wbpP complementation (Fig. 4) . Moreover, the anti-TLR2 antibody blocked IL-8 production and NF-κB minimal promoter activity induced by the wild-type or the wbpP-complemented V. vulnificus, thus suggesting that the V. vulnificus CPS was involved in the TLR2-mediated IL-8 production of human epithelial cells exposed to V. vulnificus (Fig. 5) . Finally, we evaluated the ability of purified V. vulnificus CPS to induce IL-8 production through a TLR2-dependent NF-κB activation. The CPS was shown to significantly induce the expression of IL-8 and TLR2, as well as NF-κB activation. Importantly, pretreatment with the anti-TLR2 antibody resulted in a significant reduction in IL-8 production in the INT-407 cells stimulated with the purified CPS. Also, anti-TLR2 mAb pretreatment decreased NF-κB activation (Fig. 6) . The importance of capsular polysaccharide in systemic inflammation has been previously reported in studies of V. vulnificus pathogenicity. Additionally, CPS production is believed to constitute a primary virulence factor of V. vulnificus, which is essential for pathogenicity (5, 22) . The production of proinflammatory cytokines such as IL-1ß, TNF-·, and IL-6 has been reported in V. vulnificus-infected hosts (12) (13) (14) 40) . Our data demonstrated that TLR2 is the key receptor for V. vulnificus CPS-related immune response. The role for the other TLRs in the production of other inflammatory cytokines in response to V. vulnificus should be investigated in further studies. Treatment with the anti-TLR2 mAb partially inhibited the V. vulnificus-mediated IL-8 expression, suggesting that, in addition to the CPS, other components of V. vulnificus are also involved in IL-8 production from INT-407 cells exposed to V. vulnificus.
In conclusion, we established that the V. vulnificus capsular polysaccharide induces TLR2-dependent IL-8 production via the NF-κB activation pathway in human intestinal epithelial cells, and our results indicate that V. vulnificus CPS may be a key molecule in the modulation of V. vulnificus-mediated pathogenicity.
